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1
THREE DIMENSIONAL IMAGING

CROSS REFERENCE TO RELATED
APPLICATIONS

This is the U.S. National Stage of International Application
No. PCT/GB2008/000620, filed Feb. 25, 2008, which in turn
claims the benefit of Great Britain Application No.
GB0709796.7, filed May 22, 2007.

The present invention relates to a method and apparatus for
providing image data from which an image of a target object
may be generated. In particular, but not exclusively, the
present invention relates to a method and apparatus for
obtaining a through-focal series from a data set. When com-
bined the series can be used to examine the three-dimensional
(3D) structure of a target object.

Many types of imaging techniques are known for deriving
spatial information about a target object (otherwise referred
to as a specimen). For example, and as shown in FIG. 1, in
conventional transmission imaging, an object is irradiated by
plane wave illumination 10. The waves scattered by the object
are re-interfered by a lens 12 to form an image. In the case of
very short wavelength imaging (X-rays or electrons) this
technique has many known difficulties associated with aber-
rations and instabilities introduced by the lens which limit the
resolution and interpretability of the resulting image. Typical
achievable resolution is many times larger than the theoretical
wavelength limit.

Conventional scanning transmission imaging is another
example of an imaging technique in which a lens is used to
focus a spot of radiation through a target object. One or more
detectors are located on the post target side (i.e. downstream)
of'atarget object to detect scattered radiation. Various types of
detector strategies are known such as annular detectors, quad-
rant detectors and/or off-axis detectors. However these meth-
ods rely on scanning the focused spot of radiation to all points
where an image of the target object is required. There are a
number of problems associated with such techniques such as
the fact that very accurate control of the spot is required
because if a 1000x1000 pixel image is desired a million
accurate probe-position points must be used. Another prob-
lem is that the lens used must be of a very high quality. Not
only is this because the resolution of the final image is only as
good as the sharpness and localisation of the spot but also
because with various forms of radiation such as electrons or
X-rays there are many problems such as aberration effects,
chromatic spread and lens current instability which can affect
image production and can ruin resolution. This is shown
schematically in FIG. 2 in which incident radiation 15 such as
an electron or X-ray beam is incident upon a specimen 16
forming the target object. Radiation scattered by the object
exits the target object and propagates onto detector plane 17.

Known problems with conventional scanning transmission
imaging are that the images take a large time to complete due
to the number of points which must be probed with the inci-
dent spot of radiation. Also if the target object moves during
data collection this can lead to inaccurate data being collected
and ultimately inaccurate images being produced. Still fur-
ther conventional scanning transmission imaging methods do
not allow information relating to the phase of the radiation
exiting the target object to be measured. Only total scattering
intensity at the detectors can be measured. As such phase
information relating to the exit wave that emanated beyond
the target object cannot be gathered.

A modification of conventional scanning transmission
imaging is four-dimensional de-convolution imaging. This
technique utilises similar apparatus to that shown in FIG. 1
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but records a whole diffraction pattern for every probe posi-
tion. This provides a way of determining the structure of the
target object at a better resolution than the spot size or
response function of the lens used but has a number of major
problems. The most notable problem is that huge quantities of
data must be recorded which take hours to collect for a rea-
sonable field of view. This makes the experiment practically
very difficult to carry out because it is essential to control the
probing illumination very accurately and to move it accu-
rately to scan every (million) pixel for the final image recon-
struction. Also severe damage or destruction can occur to the
target object because huge doses of incident radiation are
required for the large times taken.

Another well known imaging technique is pure diffractive
imaging. In this alternative strategy the lens may be omitted
and a target object is illuminated by a simple plane wave of
probing radiation. The scattering pattern measured in the far
field forms a Fourier plane diffraction pattern and the inten-
sity of this may be recorded. An iterative method is then used
by applying information derived from the intensity measured
to calculate an estimated object exit wave field. In order to
determine real information about the target object from the
estimated wave field an area in real space must be provided
where it is known that the object is absent or masked in some
defined way. Only by knowing this fact can a running estimate
of the wave field representing the object can be iteratively
altered. There are however a multitude of problems associ-
ated with pure diffractive imaging. Most notably the target
object must be suspended or isolated at some fixed location in
some way. This is practically very difficult to achieve. Also it
is not possible to extend the solution to new or different parts
of'the object or get a large image all at good resolution. Only
one isolated region of an object can be illuminated and solved
for. Also the target object must be single valued. That is, it
must be represented by a single real number. That number
may represent an absorption or a phase change but may not
represent both. In fact most real target object waves (that is the
wave function associated with illumination exiting a target
object) appear as complex numbers having both phase and
amplitude components.

Another major problem with pure diffractive imaging is
that the edge of the target object must be sharply defined and
thus have a distinct edge. This is so that an area where it is
known that the object is absent or masked in some way is well
defined. In practice it is difficult to produce an object or
aperture having such a defined edge.

Further problems are that for weakly-scattering objects,
which is a common type of target object in X-ray and electron
scattering, most of the radiation passing through the object
ends up at the centre of the diffraction pattern. Information in
this zone is wasted as it does not aid in the image forming
process but the radiation passing through the object can dam-
age the object. Also parallel illumination is required. How-
ever this means that for a source of given brightness relatively
few counts are provided at the object plane. In combination
with the fact that much radiation passing through weakly-
scattering objects terminates in a central zone as noted above
this means that the whole experiment in practice takes a long
time to get enough counts. If during the data collection stage
the object or some other imaging apparatus drifts or moves
during exposure data may be ruined.

Many of the above-mentioned imaging techniques permit
only two dimensional analysis of a target object. From time to
time it is helpful to be able to examine the three-dimensional
(3D) structure of a target object. This is true in a broad range
of transmission imaging techniques, such as those mentioned
above, using any type of wave illumination, such as photons,
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electrons, neutrons, atoms, etc, all of which behave as a wave
once they have momentum. In examining 3D structure of a
3D target object, a through-focal series needs to be obtained.
Such a through-focal series when stacked together as a 3D
data set can then be used to examine the 3D structure either in
real time or at some later date. A user can choose particular
features of interest or locations within the structure which are
to be examined.

Such a through focal series can be obtained, by way of
example, in a conventional microscope (light, electron, X-ray
etc) by using a lens. As the focus control of the lens is varied
the images seem to pick out one layer in the specimen at a
time. Volumes of the object which are above or below the
selected plane of interest (the plane on which the lens is
focused) appear in such an image as an out of focus back-
ground image. According to prior known techniques, the
focusing of the lens can be carried out in a number of ways.
For example, in the case of light or X-rays the objective lens
can physically be shifted (or indeed the whole microscope
shifted) towards or away from the sample. Alternatively, the
sample may be moved towards or away from the lens whilst
keeping the lens focused on the same plane in space. In the
case of electrons which use electromagnetic (electrostatic or
magnetic) lenses the power, voltage and/or current or other
such parameter in or on the lens can be varied thus effecting
a change in the strength of the lens. In this way focusing on
layers above or below a current plane of interest can be
controlled. Again, as an alternative, the target object speci-
men may be moved physically with respect to the lensing
device.

However, with such known techniques, the image so-ob-
tained is measured in intensity alone. This means that phase
changes induced in the waves as they travel through the object
are not observable. There are a number of known technolo-
gies for using a through focal series to solve for the phase of
the waves but all of these require a complex, accurate and well
controlled lensing scheme.

There are a number of further problems associated with
known techniques for acquiring 3D information about 3D
objects. A first major problem as noted above is that known
techniques require a lens. In the case of imaging techniques
using light, the lens inherently gets in the way of the sample
restricting access particularly at very high resolution imaging
steps. In the case of many other types of radiation used as a
source of illumination to probe the target objects, such as
electrons, X-rays, ultraviolet and terahertz frequencies, good
quality lenses are not available. All lenses are expensive.

Another problem associated with prior art known tech-
niques for 3D examination of a 3D target object is that a series
of images must be collected. Each image in the series of
images requires a different defocus (achieved as above
described) thus exposing an object to a considerable dose of
radiation and potentially taking a considerable amount of
time. Radiation is a serious problem for imaging many classes
of'target objects which may sustain irrevocable damage under
X-ray orelectron radiation. In such objects it is not possible to
form rapidly-exposed images.

It is an aim of embodiments of the present invention to at
least partly mitigate the above-mentioned problems.

It is a further aim of embodiments of the present invention
to provide a method and apparatus for providing image data
which may be used to construct a high resolution image of a
3D target object as well as high resolution images of selected
areas or layers in the object.

It is an aim of embodiments of the present invention to
provide a method and apparatus which enable the 3D struc-
ture of a target object to be examined without the need for
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4

high resolution positioning techniques to position incident
radiation relative to a target object.

It is an aim of embodiments of the present invention to
provide a method and apparatus for examining a 3D target
object using a wide variety of probing illumination without
destroying or substantially damaging the target.

According to a first aspect of the present invention there is
provided a method of providing image data for constructing
animage ofa region of a three dimensional (3D) target object,
comprising the steps of:

providing incident radiation, from a radiation source, at a
3D target object;

via at least one detector, detecting the intensity of radiation
scattered by said target object with the incident radiation
at a first position with respect to the target object;

re-positioning the incident radiation relative to the target
object;

subsequently detecting the intensity of radiation scattered
by said target object with the incident radiation at a
second position with respect to the target object; and

determining a probe function, indicating an estimate of at
least one characteristic of the incident radiation, at one
or more depths in the 3D object; and

providing image data, from which an image of one or more
regions of the object may be constructed via an iterative
process using said probe function.

According to a second aspect of the present invention there
is provided apparatus for providing image data for generating
an image of at least one region of a target object, comprising:

a radiation source for providing incident radiation at a 3D
target object;

at least one detector device for detecting an intensity of
radiation scattered by said target object;

a locating device that selectively locates the target object at
two or more pre-determined locations with respect to the
incident radiation; and

a processor that provides the image data responsive to a
detected intensity of the scattered radiation at two or
more locations; wherein

the said processor is arranged to provide image data indi-
cating structure of regions at respective depths within
said 3D target object.

Embodiments of the present invention use an iterative
method to provide image data which may be used to examine
the 3D structure of a 3D target object. The methodology used
can be carried out without the requirement for a lens capable
of high precision focusing. Rather, only a localised field of
illumination, which may be large relative to the wavelength of
the particular radiation field used, is needed. This may be
provided by a poor lens, able for example to produce an
imperfect or approximate focusing effect, or by an aperture
which permits radiation from a source to form a localised
illumination function.

Embodiments of the present invention provide a method
and apparatus in which the detector and optics used for mak-
ing an illumination function can be distant from a target
object. As such good access to the specimen is maintained at
all times.

Embodiments of the present invention provide a method
and apparatus in which a target object is only exposed to
radiation once or perhaps a few times rather than many times
or for a prolonged period of time. This prevents destruction of
or damage to the target object.

Embodiments of present invention permit 3D examination
to take place “off-line”. In other words at any time subsequent
to the collection of data which is used during the examination
process. This enables the structure of the 3D target object to
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be examined by focusing into various parts of the target object
at some later date as desired. It is to be noted that alternatively
the examination can occur in “real-time”.

Embodiments of the present invention will now be
described hereinafter, by way of example only, with reference
to the accompanying drawings in which:

FIGS. 1 and 2 illustrate use of conventional transmission
imaging and conventional scanning transmission imaging
respectively;

FIG. 3 illustrates how diffraction does not limit angular
range;

FIG. 4 illustrates how a moving focused probe allows a
large field of view to be measured;

FIG. 5 illustrates a 3D target object and detector plane;

FIG. 6 illustrates a pre-target aperture;

FIGS. 7A and 7B illustrate k-vectors of incident plane
waves;

FIG. 8 illustrates an iterative process;

FIG. 9 illustrates a radiation source, aperture, target and
detector arrangement;

FIG. 10 illustrates a system for 3D examination; and

FIG. 11 illustrates intensity and phase results for a simple
three-dimensional object consisting of two separated planar
objects; and

FIG. 12 illustrates an alternative radiation source configu-
ration.

In the drawings like reference numerals refer to like parts.

FIG. 4 illustrates how a scattering pattern may be devel-
oped and used to determine high resolution information about
the structure of a three dimensional (3D) target object. It will
be understood that the term target object refers to any speci-
men or item placed in the path of incident radiation which
causes scattering of that radiation. It will be understood that
the target object should be at least partially transparent to
incident radiation. The target object may or may not have
some repetitive structure.

Incident radiation 30 is caused to fall upon the target object
31. The radiation illuminates the target object. In this sense it
will be understood that illumination does not necessarily
imply use of radiation having a wavelength in the visible
spectrum. Rather it is to be understood that the term radiation
is to be broadly construed as energy from a radiation source.
This will include electro magnetic radiation including
X-rays, emitted particles such as electrons and/or acoustic
waves. Such radiation may be represented by a wave function
Y(r), whereris a three-dimension vector describing a position
in space. This wave function includes a real part and an
imaginary part as will be understood by those skilled in the
art. This may be represented by the wave functions modulus
and phase. 1 (r)* is the complex conjugate of1(r) and Y (r)-y
(1)*=ly(r)1* where 1\(r)|* is an intensity which may be mea-
sured for the wave function.

The incident radiation 30 is scattered as it passes through
and beyond the specimen 31. As such the wave disturbance
within the illumination volume is altered in amplitude and
phase by the object and so alters the amplitude and phase of
the wave downstream of the object function. Thus character-
istics of the incident radiation are modified as a result of
propagating through and after the specimen. If an array of
detectors such as a CCD detector 32 is arranged a long dis-
tance from the specimen then a diffraction pattern is formed at
a diffraction plane 33. A Fourier diffraction pattern will form
ifthe detectors 32 are located a distance L. from a selected part
of'the specimen where L is sufficiently long for the diffraction
pattern to be formed effectively from a point source (a sub-
stantially small illumination volume at the object plane). If
the diffraction plane is formed closer to the specimen, by
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6

locating the detectors nearer, then a Fresnel diffraction pat-
tern will be formed. A device, such as a lens or nearby aper-
ture, is used to confine the illumination within a small region
of'the object. Prior art techniques require the object to be finite
or illuminated by a sharply defined illumination function, so
that certain regions in the object plane are known not to give
rise to any scattered waves. Mathematically this is described
as the object wave having a support, wherein the scattering
outside the support region is zero. In contrast, the region
illuminated for use with embodiments of the present inven-
tion need not be strongly localised and sharply defined. They
may be slowly varying at their edges. In this way the softly
varying illumination function is not necessarily composed of
high spatial frequencies. In other words it can be a bandwidth
limited function that may formally be infinite in extent,
although substantially localised.

Embodiments of the present invention take intensity mea-
surements at a distance from the 3D target object and use this
data in an iterative process described below to generate data
which can be used to make an estimate of the 3D structure of
the object. To collect the data an illumination function of
some type is made incident upon the object of interest. The
illumination can be generated by a broad range of situations,
for example the illumination may be generated by a lens of
some sort or an aperture upstream of the object or any other
sort of optical arrangement which can generate a beam-like
illumination which is substantially located within a volume of
the object say of diameter D. Intensity data can then be
collected downstream of the object perhaps in the Fourier
domain or Fresnel diffraction pattern region as noted above. A
broad range of detector arrangements can be utilised since all
that needs to be known about the detector is the general
configuration so that a calculation can be carried out of a
propagation function of a wave in a selected object plane to
the detector. Variations involved may include geometric
variations in the way that spherical wavelets are added
together according to Huygen’s principle. For example, a flat
detector could be mounted downstream of the object at some
angle with respect to the direction of the incident radiation,
and at a point relatively near the object (in the Fresnel dif-
fraction condition). Those skilled in the art will understand
that in order to calculate the intensity or phase of the wave
over the surface of such a detector, an integral can be per-
formed (that is say, an alternative integral transform is
defined, referred to as T*' below, over the volume of the
specimen). Each elemental volume of the object will scatter a
spherical wave which will have a particular intensity and
phase as it impinges upon the detector. At large angles of
scatter, the amplitude of this wave may be modified by an
obliquity factor or scattering function, as well-documented in
the prior art. This intensity and phase, as well as depending on
the object’s scattering characteristics, will also be affected by
path length between the elemental volume of the object and a
point on the detector. The exact path length could be calcu-
lated using trigonometry, accounting for the particular
arrangement of the elemental volume of the object relative to
the point on the detector. The path length may also determine
a change in the total amplitude of the wave, as the spherical
wave amplitude decays with propagation. In general, an inte-
gral transform could therefore be constructed accounting for
the angled detector or, indeed, any configuration of detector.
In this context, the Fresnel and Fourier integrals are examples
of such integral transforms corresponding to geometrically
simple approximations. Such integral transforms will be
denoted T in what follows. The particular embodiment we
describe will assume that this transform is the Fourier trans-
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form, it being understood that any suitable integral transform
relating to other detector configurations can be substituted for
the Fourier integral.

FIG. 5 illustrates an example of this process in more detail.
The radiation 34 is roughly focused, for example by a weak
lens or aperture, labelled 35, so that a first volume of the target
object is illuminated by the wave profile labelled 36. The
radiation can be moved to another position, 37, displaced
from the first position by the vector R. The weak lens may of
course comprise any appropriate focusing apparatus such as a
set of plates and a voltage supply for a beam of electrons or a
reflective surface or zone plate for X-rays. The weak focusing
is sufficient to substantially confine the probing radiation
beam. It is thus not necessary to sharply focus radiation
although of course strongly focussed radiation could be used.
Further positions can be utilised if desired.

With respect to this FIG. 5 Cartesian coordinates x,y,z, can
be defined where z lies in a direction towards the detector. It
will be understood that the exact direction relative to the
detector is not fundamental. Let the object, which is three-
dimensional, be denoted by O(r), where r is a vector as
described above, but which can alternatively be decomposed
into Cartesian components X,y and z. It is assumed that each
elemental volume of O(r) can introduce phase changes or
modulus attenuation in any illuminating wave that passes
through it. Embodiments of the present invention relate to a
method of obtaining an estimate of the structure of O(r) in
three dimensions. It is assumed that O(r) has an extent and
size such that part of it is substantially confined to the z-co-
ordinate around z=0, although it may be entirely upstream
(but near) 7z=0, or downstream (but near) z=0, or, preferably,
having its depth in z embracing z=0. There are no limits on the
size of O(r) in the x-y directions.

The illuminating radiation incident on the target object
consists of a probe function P(r) which forms an illumination
function in three-dimensional space, whereinr is also a three-
dimensional vector, such as that generated by a caustic or
illumination profile formed by the lens or other optical com-
ponent. P(r) is the complex stationary value of this wave field
calculated throughout a volume of space in which the object
of interest is located. It may be moved by a distance repre-
sented by the three-dimensional vector R, so that for a par-
ticular value of R, the probe is represented by P(r-R). The
wave function J(r,R) defines the phase and modulus of radia-
tion scattered by the object for each point in r, and for a
particular position, R, of the illumination. Once the scattered
and transmitted wavelets from each volume of the object have
traversed space to the detector, they will add in amplitude and
phase, and thus generate an intensity distribution (e.g. a
Fresnel or Fraunhofer diffraction pattern) I(u,v,R), where u
and v are coordinates defining a position in the detector plane,
for the particular illumination position R.

The detector shown in FIG. 5 has a flat surface positioned
downstream of the object, say at a distance L. For the sim-
plicity of the exposition in this embodiment, the detector lies
in a plane parallel to the z-axis, i.e. in the plane (x,y,L.), and L
has been chosen to be large so that the detector lies in the
Fourier (Fraunhofer) diftraction plane. The physical width
and height of square pixels in the detector are designated as of
sized, and x, and y, describe the coordinates of any one such
pixel in the detector plane. According to the small angle
approximation of the tangent function, we can say that,
approximately;
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where AP is the solid angle in either the x- or y-directions
subtended by the (square) side of the detector pixel at the
object plane. We now define the coordinates;

B sinfy (2a)
DY
_ sinf, (2b)
==
where {3, and B, are given by:

po=at(22) G

and

By =2 @)

In the operation, intensity measurements are made at vari-
ous pixels in the detector and, for a particular position of the
illumination function, R, these are then arranged into an array
I(u,v,R) in a computer or other processing unit or data store
according the transformations described above.

In what follows, a convention is adopted that a plane wave
can be described by the equation;

P(r)=AeHT Q)

where r is a three-dimensional vector as defined above and k
is a reciprocal space vector that points in a direction perpen-
dicular to planes of constant phase in the plane wave. A is
complex number whose modulus and phase describe the
modulus and phase of the wave at the point x=y=7=0. The
magnitude of k is given by;

1 ®
W=3

where A is the wavelength of the radiation used. Note that
only the spatial dependence of the wave is considered, that is,
solutions of the time-independent wave equation. It is also
assumed that the radiation is substantially monochromatic so
that all the k-vectors of interest will have the same magnitude.
It is nevertheless true that the method of imaging described
here will work for illumination that consists of a small range
of'k-vector magnitudes (i.e. is only ‘substantially’ coherent).

Tt )l y)e® o dxdy=F(u,v) (62)

defines the forward Fourier transform of a two-dimensional
function f(x,y) which maps onto the coordinates u and v
(equations 2), and

T Flu)~lIF (e v)e > dxdy=F(x,) (6b)

defines the corresponding back Fourier transform. Of course,
for a detector configuration not lying so far from the object, as
described in this particular embodiment, a Fresnel or other
propagation integral may be more appropriate as will be
appreciated by those skilled in the art.

The illumination function which is incident upon the object
can be estimated over a plane in the space near the object. In
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the case of the illumination being generated by a lens or
optical component, the (known) aberrations in the lens can be
used to calculate the illumination function in such a plane. If
an optical component such as a (known) aperture lies in such
a plane, then it can be assumed that the wave is of constant
phase over the plane of the aperture, the amplitude being
determined by the shape of the aperture. Alternatively, a
known object function can be used to solve for the illumina-
tion function in a way analogous to the method described
below, but with the mathematical representations of the object
and illumination function exchanged. In some embodiments
where available illumination intensity is low, it may be advan-
tageous to use a lens to condense intensity upon an aperture or
other optical component, as shown in FIG. 12, the phase and
amplitude at the final optical component upstream of the
object being calculated by a combination of the methods
above.

For example, we may know that an aperture 60 exists close
to the object in the plane lying in x and y where z=0. This is
illustrated in FIG. 6. Since the time evolution of the wave is
not considered to play a part (because illumination is consid-
ered temporally coherent), the wave-field immediately down-
stream of the aperture can be described by a function, P(x,y,
0), it being understood that this represents the complex value
(describing the modulus and phase) of the illumination func-
tion in the plane z=0. In everything that follows, it is advan-
tageous that P(x,y,0) is substantially localised in the sense that
it only has large modulus at values of Ix| and |yl less than D,
where;

4 o

where Af is the angle subtended by the width (or height) of a
detector pixel at the point x=y=7=0. In the case of the small
angle scattering approximation, D can also be expressed as
above in terms of the “camera” length L and the physical
width (or height) of the detector pixel, as;

®

P(x,y,0) can be expressed in terms of a Fourier sum of a set of
plane waves incident upon the plane z=0. These plane waves
comprise an angular spectrum, each incident plane wave
k-vector being described also by the angular coordinates u
and v, as depicted in FIG. 5. Such an angular spectrum can be
represented by A(u,v), it being understood that this can be
represented as a 2-dimensional array pixels, each of which
has a complex value which determines the modulus and phase
of'the particular plane wave lying at the angular coordinate u
and v.

FIGS. 7A and 7B illustrate the relationship between the
incident k-vectors and the coordinates u, v, as represented in
a computer array or some other such processing unit or data
store. 70,, 70,, 70, and 70, show k-vectors of incident plane
waves which form a 3D illumination function (within the
dotted sphere). All the k-vector are of the same length, but are
incident at different angles. The parallel lines 71,-71, show
the planes of constant phase for each of these incident waves.
In FIG. 7B the vectors are rearranged, so that they all subtend
from a common origin. A cross-section through the 2D array
is shown representing this distribution of k-vectors (and
hence the corresponding real-space representation of the 3D
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illumination function P(x,y,z)). Each value of this array
(shown as a function of u, with v=0) has a complex value
associated with it, which describes the amplitude and phase of
the plane wave component lying at the angle {3,, as defined in
equation 2a. In this diagram, 3,=0. 8, for the k-component is
shown labelled 70,.

Such an angular spectrum can be generated conveniently
by a weakly focused lens wherein the function A(u,v) can be
thought of lying over a spherical surface emanating from the
exit pupil of the lens. In the case of a lens with an aperture
lying in its back focal plane, A(u,v) is of the form of a circular
disc of radius w, where all values w>(u?+v,)'’> have zero
modulus. Values of A(u,v) lying within this disc can have
phases determined by aberrations in the lens, or moduli
dependant on the evenness of the illumination of the lens.

The relationship between P(x,y,0) and A(u,v) is given via
the Fourier transform;

Py, 0)=lfA(u, v)eiz’“(“'”*”y)dudv:Txy+1A (u,v) 9)

Itbeing understood that the two-dimensional Fourier trans-
form over A(u,v) produces the illumination function in the
x-y plane with z=0.

If only P(x,y,0) is known (say an aperture is located in the
plane 7=0) then the corresponding distribution A(u,v)
required to generate this function can be calculated via the
Fourier transform

A, V)=[[P(x,y,0)e 2™+ gxdy (10)

An estimate of P(x,y,z) can be calculated as follows. This is
the illumination function that fills a region of three-dimen-
sional space in the vicinity of the object. Form:

POiyn)=T,, (Al y)e™e2) an

where

o, v,2) = ?(1 - cos(sin’l(/\(u2 + vz)%))). 12

Similarly generate P(x,y,z) from only having a knowledge
of P(x,y,0) via the step:

Py, (L Py 0)ye ), (13)

In the equations above the convention of labelling the
Fourier operators by subscripts defining the coordinates over
which they operate has been adopted. In other words, to form
P(x,y,z) for a particular plane in z, we Fourier transform
P(x,y,0) with respect to the x and y coordinates and multiply
by a phase function, &’®“*=), for the particular value of z of
interest, and then Fourier transform back.

If only very small angles of scattering are considered (as in
the case of electron wave propagation), then

P2, V)=mhz (1242). (14)

P(x,y,z), which henceforth we will be written using the
vector notation r as P(r), is incident upon an object function
O(r), and it is possible to move the P(r) with respect to the x
ory coordinates by distances X, Y, Z. In other words, in vector
notation, P(r-R) can be formed. Therefore the illuminating
function can be shifted to give P(r-R), or the object function
shifted to give O(r-R). In what follows, only the situation of
moving the illumination function is discussed, it being under-
stood that according to embodiments of the present invention
either or both of the object or the illumination can be moved
and that in many actual implementations it may be move
convenient to move the object rather than the illumination.
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The disturbance in the wavefield caused by the object func-
tion (whether it lies upstream, downstream or at the plane of
7=0) is therefore given by:

Y()=P(r-R) O(r) 15

A data set I(u,v,R) is measured in the far field over the
coordinates u and v (as specified by the angular transforms in
equations 2a and 2b for two or more values of R, where these
values of R, say R, and R, are preferably chosen such that the
illumination moves to a position which partly overlaps with a
volume of the object which has also been illuminated by at
least one other illumination function when positioned at some
other value of R. It should be understood that to obtain a wide
field of view of the object, the number of R positions may be
large, the preferred procedure being that for any one R, illu-
mination position there is at least one other illumination posi-
tion R, which substantially overlaps with the volume irradi-
ated at the illumination position for R.

Data is processed according to the iterative process illus-
trated in FIG. 8. Preferably the process starts by assuming an
empty object function s801, so that O(x,y,z)=0(r) has a value
of unity over all its coordinates. As the processing proceeds,
the value of O(r) is continuously updated. The n” estimate of
O(r) is labelled O, (r).

At step s802 a known probe function at the location in the
target object which is to be examined and which has previ-
ously been measured or estimated is provided.

It will be appreciated that as noted above the probe function
may be determined in a number of different ways depending
upon the convenience required. For example the probe func-
tion can be determined if a known aperture located at a pre-
determined distance from the target is utilised. Alternatively
an optical arrangement with calculated or known values may
be used or still further a probe function can be determined
earlier by placing a known object in the path and reverse
calculating what the probe function must be to produce mea-
sured intensity results. In any event once the probe function is
known the next step is:

Y (BR)=P(r-R) O(r) =y (x,3.2)
is formed as per equation 15.
This provides an estimate of the scattered wave function at
the plane of interest in the target object. In order to provide an
estimate of this wavefield at the detector plane 33 a forward
transfer of the guessed wave function is made at step s804 by
forming M, (u,v,z) according to the following equation:

16)

M2 =T Moglx,y.2)] an

it being understood that this Fourier transform is only taken
with respect to the x and y coordinates, so that each slice over
z=constant in 1 (r) is Fourier transformed over its x- and
y-coordinates and placed into the slice in M,(u,v,z) at
z=constant. M_(u,v,z) is now broken down into its modulus
and phase components, such that:

_ W ORY
M(uvz)=I1M(uv,z)l€ Ogler2)

(18)

For the particular illumination function position being pro-
cessed, R, a diffraction pattern, I(u,v,R) is stored. This is the
known intensity in plane 2 at position 1 shown in FIG. 8 and
provided at step s805. Next the square root of this intensity is
formed and at step s806 the modulus of M, (u,v,z) shown in
equation (18) is replaced with the square root of this intensity,

such that:
Mc(u,v,z):‘/l(u,v,R)ei(“’”’Z) (19)

Note here that the same modulus (measured only over the
coordinates in u and v) is applied to the pixels lying at any one
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value of zin M_(u, v, z). However, the phase which is applied,
O(u,v,z), will in general be different at different values of z.

Next M_(u,v,z) generated with equation 19 is inverse trans-
formed at step s807 according to:

Y(x22)=T,, " M vz,

This provides a corrected estimate of the wave function in
real space, the back Fourier transform being undertaken only
over the u and v coordinates.

A next estimate of the object function O, ,,(X,y,2)=0,,, , (t)
is constructed at step s808 by putting:

O, 1 (N=0,(N+UN W (1)~ g, (1)),
Here U(r) is given by:

(20)

@n

BIP(r—RI'P*(r—R) 22)

YO = e —RIPG - RE +5)

where the parameters {3, d and 1 are appropriately chosen, and
IP,,,.x(r-R)I is the maximum value of the amplitude of P(r-R).
The result is a new guess for the object function (s809).

The update function helps make the effective deconvolu-
tion that occurs possible and introduces a weighting factor
which causes the object function to be updated most strongly
where the probe function has largest amplitude. The select-
able constant | may be setto 1. It may be selected as any value
in the range of 0 to 3 and need not be an integer value. It is
useful to set I>1 when there is much noise. 1 may be selected
1<1 when because of scattering geometry, the detected inten-
sity is of the form of a Gabor hologram or similar. The value
d is used to prevent a divide-by-zero occurring if [P(r-R)I=0.
d is a small real number as is commonly applied in Weiner
Filters and is usually (though not necessarily) smaller than
P,... and can be considerably smaller if the noise present in
the recorded data is small. The constant 3 controls the amount
of feedback in the algorithm, and may advantageously be
varied between roughly 0.1 and 1. When p=less than 0.5, the
previous estimate of the object is considered to be more
important than the new estimate. Values in between vary the
relative importance of the two estimates. § determines how
quickly a solution is reached.

d is a parameter which may be set at a fixed value or which
may vary. It indicates how noisy the recorded data is and is
used to attenuate how the updating is carried out in response
to these circumstances. If good conditions exist for data col-
lection that is to say with high beam current (high flux), which
would imply low shot-noise, then it is safer to use results
gathered to update the guessed estimate. Consequently the
value of § can be a small fraction of P, _(e.g. less than Vi0o™).

The expression:

|P(r—RY 23)

| P (r = R)I!

maximises the update effect of regions where [P(r-R)l is
large. This is useful, since it is those regions which are receiv-
ing the highest amount of incident radiation, and therefore
which contain information with a relatively high signal to
noise ratio. This information is clearly more valuable than
that from regions where very little radiation is incident, and
which is heavily affected by noise.

For the situation where =1, 1=0 and 6=0, and the function
P(r-R) is a mask that is can be represented by a region where
its value is unity while it is zero elsewhere, or support func-
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tion, the algorithm has some similarities to the well known
Fienup algorithm. If in this situation, only one position R is
used, then the algorithm reduces to being mathematically
identical to the basic Fienup algorithm. Where more than one
position R is used, the algorithm has considerable advantages
over known methods, including the fact that it does not suffer
from uniqueness issues, and that a wider field of view may be
imaged.

Subsequent to updating the running estimate of the guess
the process shown in FIG. 8 progresses to selecting data
collected from a new position R which preferably at least in
part overlaps the previous position. The overlap should pref-
erably be more than 20% and is preferably 50% or more. The
collection of the data may be achieved by either moving an
aperture by a predetermined amount or by causing the illu-
minating radiation shown in FIG. 5 to fall upon a different
region of the target. [t will be understood that embodiments of
the present invention may successfully provide image data for
one location of a target object without any change in location
of an aperture or incident radiation being made. In such
embodiments after step S808 the algorithm returns to step
S802. Instead of the initial estimate of the object function O(r)
being loaded in the new guess for O(r) of step S808 is loaded
in at step S809. On each iteration the new guess for the object
function will approximate closer and closer to the actual
object function as on each iteration information of the known
intensity and thus the known amplitude component of the
incident radiation is added to improve the accuracy of the
estimate.

Nevertheless the more preferable method is next to process
data collected from a new position of R which preferably in
part overlaps the previous position as shown in FIG. 8.

A known probe function P(r-R,) at the second position is
identified at step S810 and then the step as above mentioned
are repeated so that the new guess generated in step S809 is
multiplied with the new known probe function identified at
step S810. This is illustrated in step S811. Effectively this
generates a new estimate of the wave scattered by the illumi-
nation function throughout the volume of the object. The
resulting scattered wave function is propagated at step S812
to provide an estimate of the scattering pattern which should
be detected at that position. The diffraction pattern data mea-
sured with the illumination at position R, is provided at step
S813 which gives intensity information and thus amplitude
information about the transformed wave function. The inten-
sity information is used to correct the amplitude of the trans-
formed wave function whilst phase information is retained at
step S814. This corrected wave function is inversely propa-
gated via Fourier transformation (when the image is formed
in the far field), Fresnel transformation (when the image is
formed at a location where Fresnel diffraction dominates) or
by any other suitable transformation. This is illustrated at step
S815. The running estimate of O(r) is then corrected accord-
ing to the update function shown above at step S816 and the
result is a new guess for the object function illustrated in step
S817.

At this stage, the data collected at the first illumination
position can be used for further iteration of the processing
algorithm. Alternatively, further movement of the illumina-
tion or aperture may be made to a third or further position, and
a third set of data collected. Again a location where some
overlap occurs between previous illuminated locations is
preferable. In this way the whole target object may optionally
be mapped. Alternatively the new guess generated at step
S817 may be repeated without further positioning using the
known diffraction pattern results. It will be appreciated that
embodiments of the present invention can be used when only

20

40

45

14

one position of illumination with respect to the target object is
provided. In FIG. 8 the iterative method is illustrated as being
repeated by returning to step S803 in which the new guess
generated at step S817 is input to the multiplication stage
rather than the initial estimate of the object function supplied
at step S801.

It should be understood that the iterative loop illustrated in
FIG. 8 can be performed many times using the same data
collected from the various illumination positions, R, and that
the number of R is itself unlimited. The entire iterative pro-
cedure may be undertaken at a later date using previously
collected data. Furthermore, if only specific layers or cross-
sections of the object are of interested, only those values of z
need be processed at any one time, although, once the data is
collected the user can choose to refine the value or values of
z which are of interest and can repeat the iterative calculation
to reveal any or all planes through z.

The iterative method may be repeated until a predeter-
mined event occurs. For example the iteration may be
repeated a predetermined number of times, for example 1000
times or until the sum squared error (SSE) measured in the
difference between the experimental intensity data collected
at the detector (for one or many probe positions) and the
estimated intensity (prior to the modulus correction) calcu-
lated from the current estimate of the object function.

During the iteration process the most up-to-date guess of
the object function provides a running estimate for that object
function. When the iteration process is completed as deter-
mined by the occurrence of a predetermined event, the run-
ning estimate of the object function provides image data over
the volume of locations which were illuminated by the inci-
dent radiation. This image data includes amplitude and phase
information which can subsequently be used to generate a
high resolution image of the selected region of the target
object.

Embodiments of the present invention thus provide a new
method of phase retrieval which is applicable to many situa-
tions in microscopy with particular emphasis on its applica-
bility to scanning transmission electron microscopes. The
method required as input intensity information only measure-
ments from a small number (one or more) of different probe
or aperture positions and this therefore removes the need for
post-specimen lenses thus avoiding the problems associated
with aberrations of such lenses. The algorithm employed
converges rapidly to retrieve the phase of the object transmis-
sion function. This enables high resolution images illustrating
the structure of target objects to be generated in real time. The
algorithm is also effective in noisy situations and works for a
very wide variety of different objects and probe functions.
Embodiments of the present invention also enable probe
functions to be calculated when target objects having a pre-
determined structure are used.

FIGS. 9 and 10 illustrate apparatus for providing image
data which may be used to construct a high-resolution image
of'aregion of a target object according to the above-described
embodiment illustrated in FIG. 5. A source of radiation 900,
such as a laser, provides illumination onto a beam splitter 901
which expands the radiation. An aperture 902 can be moved to
enable illumination to fall onto a selected region of a target
903.

The incident radiation has an incident wave function and an
exit wave function. This exit wave function is propagated
across distance [ where a diffraction pattern is formed on an
array of detectors 904. The distance L is advantageously
sufficiently long so that the propagated exit wave function
forms a Fourier diffraction pattern in the far-field. The detec-
tor array provides at least one detector which can detect the
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intensity of radiation scattered by the target object 903. A
locating device 905 is provided which may for example be a
micro actuator and this can locate the target object at one or
more locations as desired with respect to the aperture. In this
way radiation from source 900 may be made incident on
different locations of the upstream surface of the target 903.

A control unit 1000 provides control signals to the micro
actuator and also receives intensity measurement results from
each of the pixel detectors 1001 in the detector array 904. The
control unit 1000 includes a microprocessor 1002 and a data
store 1003 together with a user interface 1004 which may
include a user display and a user input key pad. The control
unit may be connected to a further processing device such as
alaptop 1005 or PC for remote control. Alternatively it will be
understood that the control unit 1000 can be provided by a
laptop or PC. The control unit can automatically control the
production of image data in real time. Alternatively a user can
use the user interface or laptop to select areas of the target
object for imaging or provide further user input.

In use the source of radiation 900 illuminates the beam
splitter 901 with radiation. The target object 903 is selectively
located by the actuator 905 under control of the control unit
1000. The radiation forms a diffraction pattern detected at
respective locations by each of the detectors in the detector
array 904. Results from these detectors is input to the control
unit and may be stored in the data store 1003 or laptop etc. If
only one position is being used to derive image data the
microprocessor uses this detected information together with
program instructions including information about the process
above-noted to derive the image data. However if one or more
further positions are required prior to finalising the image
data the control unit next issues signals to the actuator 905
which locates the specimen at another selected location. The
actuator 905 may place the specimen at one of many different
positions. After relocation a further diffraction pattern formed
on the detector array is measured and the results stored in the
controlunit. As an example the array 904 may be a CCD array
01'1200x1200 pixels. If no further intensity measurements are
required image data may at this stage be generated by the
control unit in accordance with the two newly stored sets of
results using the algorithm above-noted. The raw image data
may be displayed or a high-resolution image generated from
the image data may be displayed on the user interface or
remote display on a PC or other such device.

FIG. 11 illustrates results provided by embodiments of the
present invention using the arrangements shown in FIGS. 9
and 10. For a 3D target object two projector slides were
placed side by side each carrying pre-determined text upon a
surface. Data was collected and processed as above described
for two values of z, corresponding to the real positions, in the
co-ordinate z, of the two slides. Two images both in modulus
and phase giving a total of four images were obtained. FIG.
11a illustrates the modulus of a first reconstructed image,
whilst FIG. 115 illustrates the phase of that same recon-
structed image. FIG. 11c¢ illustrates the modulus information
of'a second reconstructed image with FIG. 11d illustrating the
phase of that second reconstructed image. The first pair of
images have been calculated with a value of z corresponding
to the position of the first project slide, while the second pair
have been calculated with a value of z corresponding to the
position of the second projector slide. In the first pair of
images of FIGS. 11a and 115 the words “camera” (contained
in the first projector slide) are in focus but the letters which are
upside down (which are in the plane of the second slide) are
out of focus. In the second pair of images the words “camera”
are out of focus but the letters which are upside down (which
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are now in the plane of the second slide as chosen by the value
of'z used in the reconstruction) are sharply in focus.

The results illustrates performance with two layers in the z
direction but can of course be extended according to further
embodiment of the present invention to provide a continuous
array in the z-direction picking out different layers of the
objection. Embodiments of the present invention thus provide
an iterative method for deriving image data of a target object.
The iterative method is applicable in an intelligent way so as
to be able to cope with generalised illumination systems. In
these the transmittance function of an aperture is weakly
defined or a beam of radiation may be weakly focused. In
alternative embodiments rather than deriving information of
an object, if the object is well known, information regarding
the radiation or aperture itself may be derived.

It will be appreciated that in the prior art, there has been
described an algorithm which can be used to investigate two-
dimensional (2D) objects using diffracted data collected from
a number of probe positions on the assumption that a 2D
estimate of the probe can be made at the plane of the 2D
object. Embodiments of the present invention can be seen as
a novel and inventive progression of this algorithm, wherein
the probe is estimated over a number of different planes at
different depths throughout the thickness of a three-dimen-
sional object. Those familiar with the art will realise that the
extension of such a prior art technique to investigation of
three-dimensional objects was previously thought to be
impossible to achieve in practice for one or several of the
following reasons.

Firstly, it is well-known that iterative phase retrieval meth-
ods have difficulty in determining the plane of the object. This
is because small displacements of the scattered wave towards
or away from the detector plane do not appreciably affect the
intensity detected. The success of the above-mentioned prior
art technique with 2D objects has therefore been seen to rely
on the coincident positions of the two-dimensional object and
the particular estimate of the 2D illumination function used in
the reconstruction. It was previously to supposed that if any
part of an object was not coincident with the plane of the
estimated probe, then such an algorithm would be bound to
fail, because the data collected would be inconsistent with the
assumptions made about the interaction of the probe with the
object.

Secondly, for a 3D object, waves scattered from different
layers of the object will interfere in the diffraction plane in a
way that would render the two-dimensional approximation
invalid. This is because, for a given finite angle of scatter,
extra phase changes are introduced to waves emanating from
different depths of the object. This would suggest that such
interference would destroy the opportunity to apply the exist-
ing prior art 2D algorithm because it makes no account of
such interference effects.

Thirdly, it is known that in 3D objects the illumination
function, at planes substantially distant from the entrance
surface of the radiation, is altered relative to the free-space
illumination function, because of the scattering (or even mul-
tiple scattering) from the object itself.

Fourthly, because in the prior art methods only 2D data has
been collected. It has until now been felt that this would not
encode any 3D information at all. Embodiments of the
present invention make use of the unexpected result that
despite the previous beliefs that certain techniques would not
be applicable to 3D applications certain aspects of prior
known techniques can be modified as per the present inven-
tions teaching and quite unexpectedly applied to provide a
tool for providing data which can be used to estimate/inves-
tigate structure in 3D specimens.
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Throughout the description and claims of this specifica-
tion, the words “comprise” and “contain” and variations of
the words, for example “comprising” and “comprises”,
means “including but not limited to0”, and is not intended to
(and does not) exclude other moieties, additives, components,
integers or steps.

Throughout the description and claims of this specifica-
tion, the singular encompasses the plural unless the context
otherwise requires. In particular, where the indefinite article
is used, the specification is to be understood as contemplating
plurality as well as singularity, unless the context requires
otherwise.

Features, integers, characteristics, compounds, chemical
moieties or groups described in conjunction with a particular
aspect, embodiment or example of the invention are to be
understood to be applicable to any other aspect, embodiment
or example described herein unless incompatible therewith.

The invention claimed is:

1. A method of providing image data for constructing an
image of a region of a three dimensional (3D) target object,
comprising:

providing incident radiation, from a radiation source, at a

target object;
via at least one detector, detecting the intensity of radiation
scattered by said target object with the incident radiation
at a first position with respect to the target object;

re-positioning the incident radiation relative to the target
object;
subsequently detecting the intensity of radiation scattered
by said target object with the incident radiation at a
second position with respect to the target object;

selecting a plurality of depths within said target object
corresponding to, for each depth, a respective region of
the target object which is to be examined;

determining a probe function at each of the plurality of

depths in the target object, wherein each probe function
indicates an estimate of at least one characteristic of the
incident radiation at the respective depth in the target
object; and

providing image data, as a plurality of sets of data, each

data set corresponding to a respective depth in the target
object.

2. The method as claimed in claim 1 wherein said providing
image data further comprises:

providing said image data responsive to at least the

detected intensity at said first and second positions using
a softly varying transmittance function, or illumination
function, movable with respect to said target object.

3. The method as claimed in claim 1, further comprising:

providing images of the target object at the determined

depths by sequentially constructing images each corre-
sponding to a respective depth using a respective set of
data.

4. The method as claimed in claim 1 wherein said providing
said image data comprises:

estimating an object function indicating at least one char-

acteristic of said region of the target object responsive to

detected intensities detected with the incident radiation

variously positioned with respect to the target object; an
iteratively re-estimating said object function; whereby

an accuracy of a running estimate of the object function

provided by re-estimating the object function is
improved with each iteration.

5. The method as claimed in claim 4 further comprising:

multiplying the estimated object function by the probe

function;
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providing a scattered wave estimate function responsive to
a result of said multiplication;

propagating the scattered wave estimate function to pro-
vide an estimate of an expected scattering pattern; and

correcting at least one characteristic of said expected scat-
tering pattern according to a detected intensity.

6. The method as claimed in claim 5 further comprising:

inverse propagating the corrected expected scattering pat-
tern to provide an updated scattered wave estimate func-
tion; and

updating the running estimate of the object function
responsive to said updated scattered wave estimate func-
tion according to the function:

O, i (N=0,(N+UN W (1)~ g, (1))

where ris a 3D vector represented by Cartesian coordinates
X, ¥, Z, O, ,(r) is a running estimate of the object func-
tion, O,,(r) is a preceding estimate of the object function
or is unity or some other predetermined value when there
is no preceding estimate, U(r) represents an update func-
tion, (1) is a corrected guess at a scattered wave
estimate function and y, ,(r) is the current guessed scat-
tered wave estimate function for an iteration.

7. The method as claimed in claim 6 wherein said update

function U(r) is:

APt - R|'P'(r—R)

YO = e —RIPG - RE +5)

where R is a probe position moved from the first to second
positions, P is a feedback constant, P(r-R) is a probe
function at the position R,P*(r-R) the complex conju-
gate of the probe function P(r-R), P, ,.(r-R) is the maxi-
mum value of the amplitude of P(r),d is a selectable
parameter and J is a selectable parameter.

8. The method as claimed in claim 5 wherein said propa-
gating comprises a Fourier transformation when the detected
intensity is detected at the far field.

9. The method as claimed in claim 5 wherein said propa-
gating is a Fresnel propagation when the at least one detector
is at a distance from said target object where Fresnel diffrac-
tion dominates.

10. The method as claimed in claim 1, further comprising:

selecting said second position so that an area determined in

said first position overlaps with a further area deter-
mined in said second position.

11. The method as claimed in claim 10 wherein said further
area overlaps at least 20% of said an area.

12. The method as claimed in claim 10 wherein said further
area overlaps more than 50% of said an area.

13. The method as claimed in claim 5 wherein propagation
is calculated according to:

M 2)=T  glx,2)]

wherein 1\, (x,y,2) is the scattered wave estimate, where a
transform T, y+1 is only taken with respect to the x and y
coordinates, whereby for each depth a plane 1 slice over
z=constant in1,(r) is Fourier transformed over its x- and
y-coordinates and placed into a respective plane 2 slice
in M, (u,v,7) at z=constant.

14. The method as claimed in claim 13 further comprising:
correcting M, (u,v,z) over the coordinates u and v, to derive a
corrected estimate of M_(u,v,z) according to intensity mea-
sured at the detector, for a particular probe position R, via the
relationship
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Mc(u, v, 2) = VI, v, R) &9,

where M (u,v,z) is the corrected estimate of M,(u,v,z)
where

Viu, v, R)

is the square root, modulus, of the intensity measured over the
detector plane coordinates u and v for the probe position R,
and where €"©“*? is the phase component of M, (u,v,2),
derived from breaking M, (u,v,z) into its modulus and phase
components as it being understood that after this process the
modulus of M_(u,v,z) will thus be constant over all z for each
detector coordinate u, v but that the phase e’ will in
general be different for different values of z.

15. The method as claimed in claim 6 wherein said inverse
propagation is calculated according to:

V22T, M vz],

Y...(X,y,Z) being a corrected estimate of our wave function
in real space for an iteration of the calculation, the back
transform being undertaken only over the u and v coor-
dinates.

16. A method as claimed in claim 1, further comprising:

estimating the scattered phase and amplitude of waves
caused by the object throughout its volume for the n”
iteration of the processing algorithm, given by

Yo R)=P(r-R) O(r)=yo(x,3,7)

where 1, (1,R) is the scattered wave estimate, wherer is a
vector, the estimate being applicable for a particular
position R of the illumination function P(r-R), and a
corresponding particular current estimate of the object
function O(r).

17. The method as claimed in claim 16 wherein the first
estimate of O, (r), with n=1, consists of unity amplitude and
zero phase over the whole of the volume of r occupied by the
object.

18. A method as claimed in claim 7, further comprising:

calculating a 3D illumination function P(x,y,z) via Fourier
components of incident plane waves generated, for
example, by a lens, such that

Playz)=T, (A v)ye®e),

A(u,v) determining a modulus and phase of an angular
spectrum of plane waves incident upon the target
objects, as a function of the coordinates u and v, and
where

o, v,2) = ?(1 - cos(sin’l(/l(u2 + VZ)%)))_

19. A method as claimed in claim 18 further comprising:

calculating P(x,y,z) from values of phase and modulus at
any one predetermined plane, positioned at z=0, P(x,y,
0), being such that

POyn)=T,, (T, Py,0))yer),

20. The method as claimed in claim 1 further comprising:
terminating the iteration process when a predetermined
event occurs.
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21. The method as claimed in claim 20 wherein said pre-
determined event comprises the number of iterations satisfy-
ing a predetermined condition.

22. The method as claimed in claim 20 wherein said pre-

5 determined event comprises a sum squared error satisfying a
predetermined condition.

23. The method as claimed in claim 1, further comprising:

positioning the incident radiation with respect to the target

object by selecting a location where the incident radia-
tion falls on the target object.

24. The method as claimed in claim 23, further comprising:

selecting the location where the incident radiation falls on

the target object by forming an illumination profile with

a lens or other optical component.

25. The method as claimed in claim 1 wherein said incident
radiation comprises a substantially localized wave field.

26. The method as claimed in claim 1 wherein said image
data has a substantially wavelength-limited resolution.

27. The method as claimed in claim 1 wherein said at least
one detector comprises two or more detectors.

28. The method as claimed in claim 1 further comprising:

providing said image data for the region of said target

object in real time.

29. The method as claimed in claim 1 further comprising:

generating the image of said region on a user display based

upon said image data.

30. The method as claimed in claim 1 further comprising:

providing said incident radiation at said target object via a

weak lens or a caustic from a reflective surface.

31. The method as claimed in claim 1 further comprising:

locating each said at least one detector in the far field with

respect to said target object.

32. The method as claimed in claim 1 further comprising:

locating each said at least one detector at a distance from

said target object where Fresnel diffraction dominates.

33. The method as claimed in claim 1 wherein said radia-
tion is scattered via Fourier diffraction and/or Fresnel diffrac-
tion.

34. The method as claimed in claim 4 wherein said at least
one characteristic comprises amplitude and/or phase.

35. The method as claimed in claim 1 wherein said probe
function comprises a time independent 3D illumination func-
tion.

36. The method as claimed in claim 4 further comprising:

providing a pre-target aperture between the radiation

source and said target object; and

locating the aperture and/or source at different locations to

thereby provide incident radiation at said first and sec-

ond positions with respect to said target object.

37. The method as claimed in claim 4 further comprising:

providing a lens between the radiation source and said

target object; and

locating the lens and/or source at different locations to

thereby provide incident radiation at said first and sec-

ond positions with respect to said target object.

38. The method as claimed in claim 36 further comprising:

providing a distance between a lens or aperture and said

target object, said distance being sufficient to permit a

wave function associated with radiation at an exit loca-

tion of said lens or aperture to evolve in shape prior to
incidence at said target object.

39. The method as claimed in claim 36 further comprising:

detecting the intensity of radiation scattered by said target

object with the post target object aperture or the incident
radiation at one or more further locations with respect to
the target object; and
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providing said image data via an iterative process using the
detected intensity of radiation scattered at least one of
the further locations.

40. A non-transitory computer program comprising pro-
gram instructions for causing a computer to perform the
method as claimed in claim 1.

41. A non-transitory computer program product having
thereon computer program code means, when said program is
loaded, to make the computer execute procedure to display an
image of a region of a target object on a user display, image
data for generating said image being determined by the com-
puter in accordance with a method as claimed in claim 1.

42. Apparatus for providing image data for generating an

image of at least one region of a target object, comprising:

a radiation source for providing incident radiation at a
3D target object;

at least one detector device for detecting an intensity of

radiation scattered by said target object;

alocating device that selectively locates the target object at

two or more predetermined locations with respect to the
incident radiation; and

a processor that provides the image data responsive to a

detected intensity of the scattered radiation at two or
more locations,
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wherein the processor is configured to determine a probe
function at each of a plurality of depths in the 3D target
object, wherein each probe function indicates an esti-
mate of at least one characteristic of the incident radia-
tion at the respective depth in the target object; and

wherein the processor is configured to provide image data
as a plurality of sets of data, each data set indicating
structure of a region at the respective depth within said
3D target object.

43. The apparatus as claimed in claim 42 wherein the
incident radiation provides a softly varying illumination
function.

44. The apparatus as claimed in claim 42 wherein said
processor further comprises:

a microprocessor;

a data store that holds data and instructions for said micro-

processor; and

a controller that provides instructions to move at least one

of said incident radiation or target object.

45. The method of claim 1, comprising:

constructing an image of one or more regions of the target

object via an iterative process using said probe function
corresponding to each region.

#* #* #* #* #*



